Recombinant and purified Thermotoga maritima CopA sustains ATPase velocity of 1.78 -2.73 mol/mg/min in the presence of Cu ؉ (pH 6, 60°C) and 0.03-0.08 mol/mg/min in the absence of Cu ؉ . High levels of enzyme phosphorylation are obtained by utilization of [␥-32 P]ATP in the absence of Cu ؉ . This phosphoenzyme decays at a much slower rate than observed with Cu⅐E1 ϳ P. In fact, the phosphoenzyme is reduced to much lower steady state levels upon addition of Cu ؉ , due to rapid hydrolytic cleavage. Negligible ATPase turnover is sustained by CopA following deletion of its N-metal binding domain (⌬NMBD) or mutation of NMBD cysteines (CXXC). Nevertheless, high levels of phosphoenzyme are obtained by utilization of [␥-32 P]ATP by the ⌬NMBD and CXXC mutants, with no effect of Cu ؉ either on its formation or hydrolytic cleavage. Phosphoenzyme formation (E2P) can also be obtained by utilization of P i , and this reaction is inhibited by Cu ؉ (E2 to E1 transition) even in the ⌬NMBD mutant, evidently due to Cu ؉ binding at a (transport) site other than the NMBD. E2P undergoes hydrolytic cleavage faster in ⌬NMBD and slower in CXXC mutant. We propose that Cu ؉ binding to the NMBD is required to produce an "active" conformation of CopA, whereby additional Cu ؉ bound to an alternate (transmembrane transport) site initiates faster cycles including formation of Cu⅐E1 ϳ P, followed by the E1 ϳ P to E2-P conformational transition and hydrolytic cleavage of phosphate. An H479Q mutation (analogous to one found in Wilson disease) renders CopA unable to utilize ATP, whereas phosphorylation by P i is retained.
, and a PIB subgroup that includes ATPases for transport of heavy metals ions such as Cu , and Co 2ϩ (5) . The PIB ATPases sustain important roles in accumulation and tolerance of heavy metal in biological systems (6 -8) , as well as for delivery of copper to metalloenzymes (9) . Two ATPases of this subgroup serve as copper transporters in humans (10) . Mutations of these proteins are involved in the etiology of Menkes and Wilson diseases (8, (11) (12) (13) . The catalytic mechanism of the PIB ATPases has been the subject of preliminary studies (14 -19) .
For a comparative evaluation, it is useful to consider that the structure of PII-type ATPases, originally established for the Ca 2ϩ -ATPase by sequence analysis (20) and crystallography (21) , includes three cytosolic domains referred to as N (nucleotide binding), P (phosphorylation), and A (actuator) domains, and 10 transmembrane helices containing the specific cation binding site for catalytic activation and transport. On the other hand, the structure of the PIB Cu ϩ -ATPases has been determined only for the cytosolic region (22) (23) (24) . Nevertheless, analogy with the PII ATPases structure has been clearly demonstrated (25) , including three cytosolic domains and 8 (rather than 10) transmembrane segments. The 4th to 8th transmembrane segments bear resemblance to the corresponding Ca 2ϩ ATPase segments, but the 1st to 3rd are rather different. A specific feature of the PIB ATPases is the presence of an N-terminal segment containing GMXCXXC motifs (26) that are evidently able to bind heavy metals and may serve as acceptors for metallochaperone-bound copper (27) (28) (29) and/or may have a copper-dependent regulatory role on enzyme activity (30) .
The copper ATPase of the thermophilic Archaeoglobus fulgidus has proved to be a convenient protein for mechanistic studies (31) (32) (33) , due to its heterologous expression and purification, and its stability. Expression and purification of a CopA homolog from Thermotoga maritima (34) (NCB accession number AE000512) was previously reported, including proteolytic digestion studies of domain organization and movements concomitant with catalytic activation (35) . The protein comprises 726 amino acids, and includes only a single CXXC motif at its N-terminal (NMBD). 2 We have now performed detailed measurements of intermediate phosphorylation reactions with ATP or P i as substrates, using WT CopA, protein with NMBD deletion, protein with CXXC mutation, and also protein with a H479Q mutation, which is analogous (36) to a mutation reported to occur in Wilson disease.
MATERIALS AND METHODS

Preparations of Proteins
Overexpression of T. maritima CopA (TM0317) in Escherichia coli and purification of the expressed protein was previously described (35) . The CopA constructs used in this study are shown in Fig. 1 . The purified protein was suspended in a buffer containing 0.5 M NaCl, 20% (w/v) glycerol, and 50 mM MOPS/NaOH, pH 7.0, and stored at Ϫ80°C. For all experiments the protein (0.5 mg/ml) was reduced by exposure (1 h on ice) to 2 mM DTT in 20 mM MOPS, pH 7, 20% glycerol, and 0.01% DDM. Sarcoplasmic reticulum vesicles containing the SERCA1 isoform of the Ca 2ϩ -ATPase were obtained from rabbit skeletal muscle as described by Eletr and Inesi (37) .
Preparation of Lipids
20 l of egg yolk phosphatidylcholine (100 mg/ml in chloroform) was dried under vacuum. 1 ml of 10 mM MOPS, pH 7, was added and sonicated until disappearance of visible lipid particles.
ATPase Measurements
Reaction Mixture-The reaction mixture was 50 mM MES/ triethanolamine, pH 6.0, 30% glycerol, 2.0 mM sodium azide, 0.5 mM DTT, 10 mM cysteine/Tris, pH 6.0, 5 mM MgCl 2 , 0.01% DDM, 25 g/ml phosphatidylcholine and either 1 mM BCS or added CuCl 2 (40 M in most experiments).
Procedure-We added 25 l of reduced protein to 450 l of reaction mixture (with 1 mM BCS or 40 M CuCl 2 ). The final concentration was 25 g/ml with a temperature of 60°C. The reaction was started by addition of 25 l of 50 mM ATP (2.5 mM final concentration). 50-l samples at 30, 60, 90, 120, and 150 s for colorimetric P i determination (38) were removed.
Phosphorylation with ATP
Reaction Mixture-The reaction mixture was 50 mM MES/ triethanolamine, pH 6.0, 30% glycerol, 0.5 mM DTT, 10 mM cysteine/Tris, pH 6.0, 5 mM MgCl 2 , 0.01% DDM, 25 g/ml phosphatidylcholine and either 1 mM BCS or 40 M CuCl 2 .
Procedure-To 900 l of reaction mixture (with 1 mM BCS or 40 M CuCl 2 ) at 60°C was added 50 l of 0.5 mM [␥-
32 P]ATP (25 M final concentration). To the mixture we added 50 l of reduced protein and quenched the solution with 5 ml of 3% trichloroacetic acid and then filtered the mixture. The incubation times were 0, 5, 10, 20, 30, 60, 120, and 300 s.
Alternatively, 50 l of reduced protein was added to 900 l of reaction mixture (with 1 mM BCS or 40 M CuCl 2 ) at 60°C. In some cases, this mixture was incubated with 1 mM BCS for 3 h at 37°C. Subsequently, the mixture was transferred to a bath at 60°C, and 50 l of 0.5 mM [␥-32 P]ATP was added (25 M final concentration) and quenched with 5 ml of 3% tricholoroacetic acid and then filtered. The incubation times were 0, 5, 10, 20, 30, 60, 120, and 300 s.
The quenched samples were passed through 0.45-m Millipore filters, which were then blotted and processed for radioactivity determination by liquid scintillation counting. For electrophoretic analysis of the phosphorylated protein, the quenched samples were centrifuged at 5,000 ϫ g for 20 min, and the sediments were dissolved in 2.5% lithium dodecylsulfate, 0.5% ␤-mercaptoethanol, 3% sucrose, and 0.1 mg of bromphenol blue/ml. An aliquot of the dissolved protein was subjected to gel electrophoresis at pH 6.3 (39) , and the gels were finally stained with Coomassie Blue R-250, or scanned for phosphorimaging.
In some experiments the filtrate was treated with activated charcoal for removal of nucleotide, the charcoal was removed by filtration, and the [␥-
32 P]P i in the supernatant was isolated by ammonium molybdate isobutyl alcohol/benzene extraction (40) . An aliquot was then used for determination of [␥-32 P]P i by scintillation counting and assessment of ATPase hydrolytic activity in parallel with phosphoenzyme formation.
Phosphorylation with P i
The reaction mixture was 50 mM MES/triethanolamine, pH 6.0, 20% Me 2 SO, 0.5 mM DTT, 10 mM cysteine/Tris, pH 6.0, 5 mM MgCl 2 , 0.01% DDM, 25 g/ml phosphatidylcholine, and either 1 mM BCS or 40 M CuCl 2 . Following incubation with 50 M [ 32 P]P i for various times, the samples were quenched, filtered, and the phosphorylated protein on the filters was examined as described above.
Phosphoenzyme Decay
Maximal levels of phosphorylation were first obtained by preincubation with [␥- 32 
Determination of Residual Bound Copper
To establish the efficiency of copper extraction from CopA with BCS, we incubated CopA protein with 1 mM BCS for 3 h at 37°C, under the same conditions used for the phosphorylation experiments with ATP. We then removed the BCS by dialysis for 16 h with an intermediate dialysis medium change, and submitted the remaining protein for measurement of residual copper by ICP-MS.
Alternatively, CopA protein was incubated with 1 mM BCS as described above and 0.9 ml of this protein solution was supplemented with 200 l of 20 mg/ml PC, centrifuged at 217,000 ϫ g for 30 min, the supernatant discarded, and the pellet re-suspended in 1 ml of wash buffer (50 mM MES/triethanolamine, pH 6, 30% (w/v) glycerol, 10 mM cysteine, 5 mM MgCl 2 , and 0.5 mM DTT, 1 mM BCS). The resuspended sample was then centrifuged again at 217,000 ϫ g for 30 min, the supernatant was discarded, and the pellet re-suspended in 100 l of 100 mM MOPS/triethanolamine, pH 7. This protein mixture was submitted for measurement of residual copper by ICP-MS.
RESULTS
Steady State ATPase Activity-Determination of ATPase hydrolytic activity by colorimetric measurement of P i production revealed that at 60°C and pH 6.0, the WT enzyme sustained a steady state velocity of 1.78 -2.73 mol/mg of protein/ min under conditions of maximal activation by Cu ϩ (assuming that Cu(I) is produced by the high concentrations of reducing agents in the reaction mixture) and 0.03-0.08 mol/mg of protein/min in the absence of copper (Table 1) . A graphic representation of ATPase activity in the absence of added copper (1 mM BCS present), or following addition of increasing concentrations of CuCl 2 is given in Fig. 2 . As shown in the figure, maximal activity is obtained in the presence of 5-40 M (added) CuCl 2 , as previously reported (35) . Considering the stoichiometry of CopA in our preparation (based on an M r 83,352 for our CopA protein in a nearly pure preparation), the maximal steady state velocity corresponds to turnover numbers of ϳ3.0-4.0 and 0.05-0.10 s Ϫ1 , in the presence or absence of Cu ϩ , respectively. The activity in the presence of Cu ϩ was ϳ10-fold lower if the measurements were performed at pH 7 rather than 6, or at a temperature of 40°C rather than 60°C (Table 1) .
We then studied the ATP concentration dependence of CopA, in the presence of an ATP regenerating system (to maintain steady state activity in the presence of M ATP) and at 40°C (to prevent denaturation of the regenerating system at higher temperature). We found significant ATPase activity with ATP in the micromolar concentration range (see below phosphoenzyme formation), but much higher activity when the ATP concentration was raised to the millimolar level. This phenomenon was previously observed with SERCA (41) and attributed to turnover activation by low affinity ATP binding (42) . We considered the possibility that, under steady state conditions and in the presence of micromolar concentrations, ATP regeneration may be only partially efficient. However, the same results were obtained even when the concentration of the ATP regenerating system was quadrupled. Double-reciprocal plots of the values obtained with SERCA at 37°C yield V max ϭ 6.25 mol/mg/min and K m ϭ 5.04 M for the low range, and V max ϭ 15.06 mol/mg/min and K m ϭ 48.24 M for the high range (Fig.  3A) . On the other hand, double-reciprocal plots of the values obtained with CopA at 40°C yield V max ϭ 32.4 nmol/min/mg and K m ϭ 10.0 M for the low range, and a V max ϭ 425 nmol/ min/mg and K m ϭ 1.54 mM for the high range (Fig. 3B) .
The steady state ATPase turnover (at 60°C) of the ⌬NMBD protein (i.e. deprived of N terminus Cu ϩ binding sequence) was very low in the presence (0.24 mol/mg/min) or absence of copper. Furthermore, the turnovers of CXXC (mutations of NMBD cysteines involved in copper binding) and H479Q (corresponding to a mutation of the copper ATPase ATP7B in Wilson disease (36)) were even lower (data not shown).
Phosphorylation by Utilization of ATP-As previously observed with the A. fulgidus CopA (31, 33), we find that the T. maritima CopA is phosphorylated by ATP. Depending on the preparation of WT protein, the maximal levels of phosphoenzyme obtained in our experiments vary between 5 and 10 nmol/mg of protein. These levels are much higher than obtained previously and (considering an 83 kDa for the purified CopA preparation) nearly match the stoichiometry of the ATPase protein. We find that when [␥-
32 P]ATP (25 M final concentration) is added to WT protein in the absence of Cu ϩ (1 mM BCS present), acid stable phosphorylation reaches maximal 
Copper dependence of CopA steady state activity. ATPase activity was measured by colorimetric determination of P i , at pH 6.0 and 60°C (see "Materials and Methods"). As indicated in the figure, the measurements were obtained either in the presence of 1 mM BCS or in the absence of BCS following addition of incremental concentrations of CuCl 2 .
levels with an approximate half-time of 5 s at 60°C (Fig. 4A ). For the same preparation, the maximal phosphoenzyme levels were 10 -15% higher if the protein was preincubated for 3 h with 1 mM BCS at 37°C, before transfer to a 60°C bath and addition of [␥-32 P]ATP. To exclude the presence of residual copper in significant quantity, we incubated CopA protein with 1 mM BCS for 3 h at 37°C, under the same conditions used for the phosphorylation experiments with ATP. Then we removed the BCS as described under "Materials and Methods," and submitted the remaining protein for measurement of residual copper by ICP-MS. A water sample run as a control yielded no detectable level. A copper standard run at the same time yielded 97% of the expected value. The copper levels found in different preparations of CopA protein treated with BCS were hardly above the minimal detectable signal, and varied between 0.0001 and 0.02 mol of copper per mol of CopA. Considering the unavoidable variability of hardly detectable levels, we conclude that the residual copper in samples treated with BCS is negligible. This is in agreement with functional experiments, demonstrating formation of E2-P by utilization of P i , which is then inhibited by addition of copper (see below, Fig. 9 ).
If [␥-32 P]ATP was added to WT protein preincubated with Cu ϩ , a phosphorylation level of 1 nmol/mg of protein was reached within 2 s (Fig. 4A) . However, such a low level did not increase any further, suggesting that a low steady state level of phosphoenzyme was determined by Cu ϩ activation of hydrolytic cleavage. In fact, if [␥- 32 P]ATP and copper were added simultaneously to the WT protein, a relatively high level of enzyme phosphorylation was obtained within 30 s, but the phosphoenzyme level decayed thereafter (Fig. 4A) . This reduction is evidently due to activation of the hydrolytic cleavage by Cu ϩ , whereby lower steady state levels of phosphoenzyme are established.
The ATP concentration dependence of phosphoenzyme formation was determined by measuring initial velocities at 40°C and in the absence of Cu ϩ . A plot of the phosphorylation velocity versus ATP concentration (Fig. 4B) (33) obtained maximal levels of phosphorylation using ATP concentrations within the micromolar range. It should be pointed out that the phosphoenzyme levels obtained in our experiments with T. maritima CopA (in the absence of Cu ϩ ) are 4 -5-fold higher than those observed by us in the presence of Cu ϩ , and reported for A. fulgidus CopA using silver activation (31) . In addition, we found that, whereas phosphoenzyme formation and ATPase activity in the presence of copper were highly dependent on the presence of millimolar Mg 2ϩ , the rate of phosphoenzyme formation in the absence of copper was faster in the presence of Mg 2ϩ , but high levels of phosphoenzyme could be obtained even in the absence of Mg 2ϩ , albeit at a slower rate (data not shown).
To ensure that the radioactive protein measured in the phosphorylation experiments corresponded only to the ATPase, we examined the phosphoenzyme on electrophoretic gels, comparing the protein stain and autoradiography of WT SERCA and WT CopA following reaction with [␥-32 P]ATP (Fig. 5) . Reassuringly, the radioactive band is identified with the enzyme protein band in both cases. Furthermore, it is clear that Ca 2ϩ is an absolute requirement for SERCA phosphorylation, whereas Cu ϩ is not required for phosphorylation of CopA. In fact, the CopA radioactive band is much weaker in the presence than in the absence of Cu (Fig. 6B ) is fol- lowed immediately by phosphoenzyme formation, but no P i production. Addition of Cu ϩ then yields a P i burst concomitant with a conspicuous reduction of the phosphoenzyme, followed by steady state P i production and a lower EP level.
With regard to the behavior of mutants, we found that when [␥-
32 P]ATP is added to the ⌬NMBD protein, phosphorylation occurs at a very fast rate (rate constant Ͼ 1 s Ϫ1 ) either in the absence or presence of Cu ϩ , reaching levels (8 -12 nmol/mg of protein, depending on the preparation) that nearly match the stoichiometry of the enzyme in the reaction mixture (Fig. 7A) . Similarly, the CXXC mutant is phosphorylated by [␥-
32 P]ATP in the absence or presence of Cu ϩ (Fig. 7B ), but at a significantly lower velocity. These high levels of phosphorylation of either ⌬NMBD protein or CXXC with ATP are not at all affected by Cu ϩ . It is apparent that phosphorylation is considerably faster in the absence (i.e. ⌬NMBD) than in the presence of the NMBD segment that is unable to bind Cu ϩ . The levels of phosphorylation (less than 1 nmol/mg of protein) that are obtained with the H479Q mutant are very low (not shown), suggesting that this mutation interferes with ATP binding and/or utilization (36) .
If the phosphoenzyme obtained with WT protein by utilization of [␥-
32 P]ATP in the absence of copper or BCS is chased with an excess (1 mM) of nonradioactive ATP, the radioactive phosphoenzyme decays with a 0.05 s Ϫ1 rate constant at 60°C (Fig. 8A) (Fig. 8 , B and C), and proceeds at a lower rate in the case of the CXXC mutant. This demonstrates that Cu ϩ binding to the NMBD is required to activate decay of the phosphoenzyme obtained with ATP (compare Fig. 8, A with B and C) . In addition, it is apparent that the presence of the mutated NMBD (i.e. CXXC mutant) slows down phosphoenzyme cleavage. (Fig. 9B) . These values were obtained in the presence of Me 2 SO, and are likely to be less favorable under physiological conditions. It is noteworthy that the maximal levels of phosphoenzyme obtained with P i are generally lower than obtained with ATP. This is due to the equilibrium character of the P i experiments, with a constant yielding phosphorylation of approximately half of the protein available. On the other hand, the steady state character of the ATP reaction pushes the phosphoen- 32 P]ATP and, after 10 s, 1.05 mM CaCl 2 was added. CopA (0.1 mg/ml) was preincubated at 37°C with 0.1 mM BCS for 2 h, in a reaction mixture as described under "Materials and Methods." The reaction was started at 60°C by the addition of 25 M [␥- 32 P]ATP and, after 10 s, 0.14 mM CuCl 2 was added. Samples were taken for determination of phosphoenzyme (F) and P i (E) at the time intervals as indicated. Each time point shown in the graph is the average of three different determinations. Note the P i burst in concomitance with EP reduction upon addition of copper.
Phosphorylation by Utilization of P i -Phosphorylation of the
zyme to the limit permitted by the rates of phosphorylation and hydrolytic cleavage. If [ 32 P]P i is added in conjunction with CuCl 2 or the enzyme is preincubated for 2 min with CuCl 2 , the phosphorylation level is significantly lower (Fig. 9A) , suggesting a Cu ϩ -dependent activation of phosphoenzyme cleavage and/or a conformational change (E2 to E1) that interferes with enzyme phosphorylation by P i .
Chase of the [ 32 P]phosphoenzyme with non-radioactive P i (Fig. 9C ) in the absence of Cu ϩ yields a slow decay of the phosphoenzyme level with a 0.015 s Ϫ1 rate constant. Addition of CuCl 2 with the non-radioactive P i , however, yields much faster phosphoenzyme decay, evidently due to a Cu ϩ -induced conformational change that affects the rate of phosphoenzyme cleavage. This effect of copper is evidently due to binding to the NMBD, because no stimulation by copper is observed with E2-P obtained with ⌬NMBD protein (see below Fig 10B; see also "Discussion" and Scheme 1).
Phosphorylation of the ⌬NMBD protein by [ 32 P]P i occurs very rapidly (Fig. 10A) (Fig. 10A ). This is a very important finding, indicating that Cu ϩ induces a conformational change (E2 to E1) that interferes with enzyme phosphorylation by P i , even though the ⌬NMBD copper binding site is deleted, and even though the catalytic activation by Cu ϩ does not occur in the ⌬NMBD protein. Therefore, an alternate transmembrane site (26) is operative in the absence of NMBD, and its occupancy by Cu ϩ induces the E2 to E1 transition. It is noteworthy that Gonzales-Guerrero and Arguello (44) recently reported copper binding measurements, indicating that the CopZ chaperone can transfer Cu ϩ to A. fulgidus CopA deprived of the NMBD. Our experiments agree with this report, and demonstrate that such binding does in fact involve the actual transport site (TMBS), inducing the E2 to E1 transition. It should be pointed out that the CopA protein is used in the presence of detergent and, therefore, such a copper site is likely to be exposed to the medium even when the enzyme resides in the E2 conformation. Apparently, under these conditions, Cu ϩ can reach the transport site even in the absence of CopZ, albeit at a slower rate.
In related chase experiments (Fig. 10B) , hydrolytic cleavage of the phosphoenzyme obtained with P i and the ⌬NMBD protein is quite fast, and proceeds directly from E2-P to E2 ϩ P i with no effect of copper. Note that in this experiment we measure only decay of already formed [
32 P]E2-P, whereas no [ 32 P]E2-P is formed that may be affected by re-equilibration of E2 to E1 following the addition of Cu 2ϩ in conjunction with the nonradioactive P i chase.
Phosphorylation of the CXXC mutant by P i occurs at a slow rate (Fig. 11A) , and is affected very slowly by copper even if the protein is preincubated for 2 min with copper before addition of [ 32 P]P i . Cleavage of the phosphoenzyme also occurs very slowly, and is not affected by copper (Fig. 11B) . It is therefore apparent that the presence of the NMBD segment produces kinetic inhibition (compare with Fig. 10 ), which is only relieved if copper is allowed to bind.
Finally, we found that phosphorylation of the H479Q mutant with [ 32 P]P i proceeds in the absence or presence of copper (Fig.  12A ) essentially as that of the WT in the absence of copper (Fig.  9A) . This demonstrates that the lack of H479Q mutant phosphorylation by ATP is due to interference of the H479Q mutation with ATP positioning within the phosphorylation site (36) , rather than the catalytic chemistry of phosphorylation. In fact, phosphorylation by P i , its cleavage (Fig. 12B) , and sensitivity to copper are normal in the H479Q mutant.
DISCUSSION
Preparation of T. maritima
CopA by heterologous expression and subsequent purification (35) provides a very active enzyme that sustains maximal steady state ATPase activity at 60°C and pH 6 ( Fig. 2 and Table 1) , with nearly total dependence on activation by copper and a turnover of 3-4 s Ϫ1 . Unexpectedly, we found that acid-stable CopA phosphoenzyme can be formed by utilization of ATP in the absence as well as in the presence of copper. In fact, the steady state level of phosphoenzyme is much higher in the absence than in the presence of copper, due to ATPase activation by Cu ϩ and consequent phosphoenzyme cleavage.
The behavior of CopA is quite different from that of the Ca 2ϩ ATPase (SERCA), whose phosphorylation by ATP is absolutely dependent on Ca 2ϩ (Fig. 6A) . It should be pointed out that the maximal velocity of CopA phosphorylation in the absence of Cu ϩ (30 nmol/min per mg of protein at 40°C) is too slow to account for the steady state ATPase velocity observed in the presence of Cu 2ϩ (ϳ350 nmol/mg/min of protein at 40°C). It is therefore apparent that our preparation of CopA can be phosphorylated by ATP either in a "basal" (E b ) or in an "active" (E a ) conformational state, but only the active (E a ) conformation allows the fast turnover observed in the presence of Cu (Table 1) . Furthermore, phosphoenzyme decay following addition of non-radioactive ATP in conjunction with copper (Fig. 8A) occurs with a 0.3 s Ϫ1 rate constant, which is still significantly lower than the 3-4 s Ϫ1 turnover observed under steady state conditions in the presence of copper (Table 1) . This rather slow turnover is likely to be related to a time-dependent conformational effect of Cu ϩ binding to the NMBD, and the related conversion of the enzyme from basal to active conformation (Scheme 1). Finally, this conversion is also apparent if we consider that the high levels of phosphoenzyme obtained by utilization of ATP in the absence of copper are reduced to a much lower steady state upon addition of copper, due to hydrolytic cleavage as demonstrated by a surge of P i production (Fig. 6B) .
The ⌬NMBD protein and the CXXC mutant can be phosphorylated by ATP equally well in the absence or presence of copper, and the phosphoenzyme level so obtained is not reduced by addition of copper to these mutants. Therefore the ATPase active state is obtained through Cu ϩ binding to the NMBD (Scheme 1). It is noteworthy that, in addition to the lack of copper effect, the rates of phosphorylation and cleavage are faster (Figs. 4, 7 , and 8) in the absence (⌬NMBD protein) than in the presence of the NMBD sequence (WT protein or CXXC mutant). This suggests that the NMBD segment is an integral part of the enzyme headpiece (A domain) conformation, resulting in kinetic inhibition of the ATPase cycle when copper is absent. For this reason, Cu ϩ binding to the NMBD plays an essential role in inducing the activated state of WT CopA.
In analogy to SERCA (43) , WT CopA can be phosphorylated with P i (Fig. 9A) . The resulting phosphorylation level is reduced by copper, likely due to hydrolytic cleavage as well as conversion of E2 to a Cu-E1 conformation that is not reactive to P i . The E2-P formed with P i undergoes slow cleavage (Fig. 9C) in the absence of copper, but its cleavage rate constant is increased by the addition of copper, again suggesting a Cu ϩ -induced transition from E b -P to Cu⅐E a 2-P (Scheme 1).
It is shown in Fig. 10A that the ⌬NMBD protein can also be phosphorylated with P i . Here again copper produces a slow transition whereby the phosphorylation level is reduced. This is a most interesting finding, demonstrating that in the absence of the NMBD, Cu ϩ is still effective and evidently binds to an alternate transmembrane (transport) site whose occupancy by Cu ϩ affects the P i reaction even in the ⌬NMBD protein. Because the ⌬NMBD mutant sustains hydrolytic cleavage of E2-P (Fig.  10B ), but does not sustain hydrolytic cleavage of ATP, it is apparent that the NMBD segment and its activation by copper are involved in E1 ϳ P formation by utilization of ATP, and are absolutely required for the E1 ϳ P to E2-P transition in the ATPase cycle of the active enzyme (E a in Scheme 1). The NMBD connection to the A domain suggests that NMBD has a strong influence on A domain movements and the proper positioning of its catalytically active residues in proximity to the phosphorylation site (P domain).
If we align the amino acid sequences involved in the phosphorylation reaction, we find homologies through the haloacid halogenase superfamily (45) , including the phosphoserine phosphatase, T. maritima CopA, A. fulgidus CopA, sarcoplasmic Ca 2ϩ -ATPase, and renal Na ϩ /K ϩ -ATPase (Fig. 13) . However, the consensus sequence for the TGES signature (A domain) is specifically limited to the transport ATPases, and does not include the phosphoserine phosphatase, as also demonstrated by structural studies (46, 47) . This homology is related to the specific and prominent role sustained by the A ("actuator") domain in the catalytic and transport mechanism of P ATPases, as the A domain lends itself to rotation and bending. These movements allow sequential interactions with the P and N domains, displacement of transmembrane segments that affect the cation transport sites, and proper placement of the TGES signature for catalytic processing of the phosphorylated intermediate (35, 48) . It is of interest that, with the exception of the TGE motif, the structure of Cu-ATPases is not identical to the A domain of other P-type pumps (2, 10), due to the absence of an external loop region (24) , and a lack of correspondence with the first half of the SERCA A domain (25) . In addition, CopA presents eight (rather than 10) transmembrane segments, of which the 4th to 8th bear similarity to M2 to M6 of the Ca 2ϩ -ATPase and the Na ϩ /K ϩ -ATPase, whereas the 1st to 3rd are rather specific (25, 35) . Finally, and most importantly, the A domain-linked NMBD, whose occupancy by copper is an absolute requirement for catalytic turnover, is a unique feature of CopA. These differences suggest that, in the absence of copper, CopA resides in a conformational state (not observed in the PII ATPases), whereby proper interaction of headpiece domains and catalytic turnover is not permitted. This state ("basal state" in Scheme 1) allows a slow rate of ATP utilization to form a phosphoenzyme with a conformation that is unable to proceed through the catalytic and transport cycle. Transition to the active state is then induced by copper binding to the NMBD through a relatively slow process (see reduction of phosphoenzyme level upon simultaneous addition of ATP and CuCl 2 in Fig. 4A ). Cu ϩ binding to the transmembrane metal binding domain (TM-MBD in Scheme 1) of the active enzyme then allows fast cycles, including the Cu ϩ ⅐E1 ϳ P to E2-P conforma- tional transition. We demonstrate here that Cu ϩ binding to the TM-MBD can occur even in the absence of Cu ϩ in the NMBD, with some conformational effect on the phosphorylation site, but without triggering the catalytic cycle. That is because copper binding to the NMBD is required to obtain the active conformation that sustains catalytic and transport cycles. This is a unique requirement of the copper ATPase, with no equivalent in the PII ATPases. The related conformational adjustment seems to involve mostly the A domain.
An additional kinetic effect (not considered by the diagram in Scheme 1) is produced by low affinity ATP binding, as a higher steady state velocity is observed in the presence of millimolar ATP, whereas the phosphorylated intermediate is formed by micromolar ATP (Fig. 3B) . This phenomenon was also observed with SERCA (41) , and attributed to low affinity ATP binding, whereby the rate of E2 to E1 transition is increased (42), including dissociation of exchange H ϩ from cation binding sites (49) .
Finally, our experiments demonstrate that the H479Q mutation of CopA produces total inhibition of phosphoenzyme formation with ATP and steady state ATPase activity. On the other hand, phosphorylation with P i and its hydrolytic cleavage proceed normally, indicating that the defect produced by the H479Q mutation is related to ATP binding and positioning, and not to the ATPase catalytic mechanism. The importance of these findings is related to the presence of a corresponding amino acid in the human copper ATPase, whose mutation in Wilson disease produces analogous effects (36) .
